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FRFFLQHOOLG([WHUQDOPRUSKRORJLFDOFKDUDFWHUVZHUHHYDOXDWHGIRU +D[\ULGLV VXFFLQHD FRORUIRUPVH[
GHWHUPLQDWLRQLQODERUDWRU\DQGILHOGVWXGLHV7KHVKDSHRIWKHGLVWDOPDUJLQRIWKHILIWKYLVLEOH
DEGRPLQDOVWHUQLWHDFFXUDWHO\SUHGLFWHG +D[\ULGLV VH[IRUDOOEHHWOHVH[DPLQHG0DOHVFRQVLVWHQWO\KDG
DFRQFDYHGLVWDOPDUJLQZKLOHIHPDOHVKDGDFRQYH[GLVWDOPDUJLQ,QDGGLWLRQSLJPHQWDWLRQRIWKH
ODEUXPDQGSURVWHUQXPZHUHERWKVLJQLILFDQWO\DVVRFLDWHGZLWK +D[\ULGLV VH[PDOHVKDGOLJKW
SLJPHQWDWLRQDQGIHPDOHVKDGGDUNSLJPHQWDWLRQ/DEUXPDQGSURVWHUQXPSLJPHQWDWLRQLQFUHDVHG
IURPOLJKWWRGDUNZLWKGHFUHDVLQJUHDULQJWHPSHUDWXUHDQGLQFUHDVLQJWLPHDIWHUDGXOWHFORVLRQIRU
IHPDOHV0DOHSLJPHQWDWLRQZDVRQO\DIIHFWHGE\DGHFUHDVHLQUHDULQJWHPSHUDWXUH9DOLGDWLRQWKURXJK
LQILHOGFROOHFWLRQVLQGLFDWHGWKDWWKHVHSUHGLFWRUVZHUHDFFXUDWH+RZHYHUODEUXPSLJPHQWDWLRQLVD
PRUHGHVLUDEOHFKDUDFWHUWRXVHWRGHWHUPLQHVH[EHFDXVHLWLVPRUHDFFXUDWHDQGHDVLO\DFFHVVLEOH
7KHUHIRUHZHUHFRPPHQGXVLQJODEUXPSLJPHQWDWLRQIRULQILHOGVH[GHWHUPLQDWLRQRI +D[\ULGLV
,PSOLFDWLRQVRIWKLVGLDJQRVWLFWHFKQLTXHIRUDSSOLHGDQGEDVLFUHVHDUFKRQWKLVQDWXUDOHQHP\DUH
GLVFXVVHG
.H\ZRUGV +DUPRQLDD[\ULGLVVH[GHWHUPLQDWLRQVH[LQJELRORJLFDOFRQWUROLQYDVLYHVSHFLHVWHPSHUDWXUH
&RUUHVSRQGHQFHPFFRU#XPQHGXNRFK#XPQHGXUDJVG#XPQHGX
5HFHLYHG_$FFHSWHG_3XEOLVKHG
&RS\ULJKW&UHDWLYH&RPPRQV$WWULEXWLRQ
,661_9ROXPH1XPEHU
&LWHWKLVSDSHUDV
0F&RUQDFN%3.RFK5/5DJVGDOH':$VLPSOHPHWKRGIRULQILHOGVH[GHWHUPLQDWLRQRIWKHPXOWLFRORUHG
$VLDQODG\EHHWOH +DUPRQLDD[\ULGLVSS -RXUQDORI,QVHFW6FLHQFH DYDLODEOHRQOLQHLQVHFWVFLHQFHRUJ
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Introduction
7KH PXOWLFRORUHG $VLDQ ODG\ EHHWOH +DUPRQLD
D[\ULGLV 3DOODV &ROHRSWHUD &RFFLQHOOLGDH LV
DPRQJ WKH PRVW VWXGLHG DSKLGRSKDJRXV
SUHGDWRUV FRPSULVLQJ  RI VWXGLHV RQ
DSKLGRSKDJRXV FRFFLQHOOLGV SXEOLVKHG LQ 
6ORJJHWW  7KLV SUHGDWRU LV QDWLYH WR HDVWHUQ
$VLD EXW KDV UHFHQWO\ LQYDGHG 1RUWK $PHULFD
(XURSH DQG 6RXWK $PHULFD .RFK  &XUUHQW
SRSXODWLRQV RI + D[\ULGLV LQ WKHVH QHZ UHJLRQV
OLNHO\ UHVXOWHG IURP LQWHQWLRQDO UHOHDVHV DV D
FODVVLFDO ELRORJLFDO FRQWURO DJHQW *RUGRQ 
KRZHYHU WKH SRVVLELOLW\ H[LVWV WKDW LW ZDV
DFFLGHQWDOO\ LQWURGXFHG 'D\ HW DO  7KH
SRSXODULW\ RI + D[\ULGLV DV D VWXG\ RUJDQLVP
VWHPV IURP LWV SURPLVH DV D ELRORJLFDO FRQWURO
DJHQW DQG LWV SRWHQWLDO DGYHUVH QRQWDUJHW
LPSDFWV )RU H[DPSOH + D[\ULGLV LV FRQWULEXWLQJ
WR ELRORJLFDO FRQWURO RI SHVW LQVHFWV LQ D YDULHW\ RI
V\VWHPV .RFK  +RZHYHU + D[\ULGLV LV D
WKUHDW WR QDWLYH VSHFLHV 0LFKDXG  &RWWUHOO
 .RFK HW DO E EHFRPLQJ D SHVW RI IUXLW
SURGXFWLRQ .RFK HW DO D DQG FDQ
RFFDVLRQDOO\ EH D QXLVDQFH WR KRPH RZQHUV
+XHOVPDQHWDO
%HKDYLRUDO DQG HFRORJLFDO UHVHDUFK RQ + D[\ULGLV
LQFOXGLQJ H[DPLQDWLRQ RI LWV SRVLWLYH DQG QHJDWLYH
LPSDFWV FRXOG EHQHILW IURP LQILHOG WHFKQLTXHV IRU
VH[LQJ WKLV FRFFLQHOOLG $V PHQWLRQHG E\ 0DMHUXV
 WKH VH[ RI FRFFLQHOOLG DGXOWV FDQ EH HDVLO\
GHWHUPLQHG WKURXJK GLVVHFWLRQ EXW PRUH HIILFLHQW
WHFKQLTXHV IRU VH[LQJ OLYH DGXOWV DUH QHFHVVDU\
1RQGHVWUXFWLYH VH[ GHWHUPLQDWLRQ LQ FRFFLQHOOLGV
LV JHQHUDOO\ GLIILFXOW ZLWK QR FKDUDFWHUV DSSOLFDEOH
DFURVV WKH WD[RQ 0DMHUXV  +RGHN DQG
+RQHN  'HVSLWH WKH ODFN RI DOO HQFRPSDVVLQJ
FKDUDFWHUV IRU VH[ GHWHUPLQDWLRQ VH[XDO
GLPRUSKLVP GRHV DSSHDU WR H[LVW ZLWKLQ PRVW
VSHFLHV )RU PDQ\ VSHFLHV PDOHV DUH VPDOOHU ZLWK
OLJKWHU SLJPHQWDWLRQ RQ WKH DQWHULRU SRUWLRQ RI
WKH KHDG DQG VOLJKWO\ ORQJHU DQWHQQDH +RGHN DQG
+RQHN  2I  %ULWLVK FRFFLQHOOLG VSHFLHV
H[DPLQHG  VKRZHG GLIIHUHQFHV LQ WKH
DEGRPLQDO VWHUQLWHV DPRQJ WKH VH[HV EXW QR
GLIIHUHQFH ZDV FRQVLVWHQW DFURVV VSHFLHV 0DMHUXV
 )RU + D[\ULGLV LQ SDUWLFXODU DGXOW IHPDOHV
DUH JHQHUDOO\ ODUJHU WKDQ PDOHV EXW WKH
GLVWULEXWLRQV RI WKH VL]H LQGLFHV RYHUODS HJ
+XNXVLPD DQG 2KZDNL  (O6HEDH\ DQG
(O*DQWLU\  VR WKLV LV D OHVV XVHIXO FKDUDFWHU
,Q DGGLWLRQ WKH ODVW WZR YLVLEOH DEGRPLQDO
VWHUQLWHV DUH VH[XDOO\ GLPRUSKLF DQG KDYH EHHQ
XVHG WR LGHQWLI\ + D[\ULGLV VH[ 5LGGLFN DQG
6FKDHIHU  +RZHYHU WKLV FKDUDFWHU LV QRW
UHDGLO\ YLVLEOH RQ OLYH ILHOG VSHFLPHQV XQOHVV WKH\
DUHPDQLSXODWHGDQGPDJQLILHG
7KH REMHFWLYHV RI WKLV SURMHFW ZHUH WR LGHQWLI\ DQG
TXDQWLWDWLYHO\ YDOLGDWH WKH DFFXUDF\ RI H[WHUQDO
FKDUDFWHUV RI + D[\ULGLV DGXOWV IRU UDSLG LQILHOG
VH[ GHWHUPLQDWLRQ ,Q SDUWLFXODU WKH UREXVWQHVV RI
WKHVH FKDUDFWHUV ZDV H[DPLQHG DFURVV D UDQJH RI
FRQGLWLRQV LH WHPSHUDWXUH DQG GLHW IRU
ODERUDWRU\UHDUHG LQGLYLGXDOV DQG PXOWLSOH
WHPSRUDO DQG VSDWLDO ILHOG FROOHFWLRQV RI
LQGLYLGXDOV
Materials and Methods
Laboratory studies
+ D[\ULGLV DGXOWV ZHUH FROOHFWHG IURP DQ
RYHUZLQWHULQJ DJJUHJDWLRQ LQ DQ XQKHDWHG
EXLOGLQJ DW 8QLYHUVLW\ RI 0LQQHVRWD 2XWUHDFK
5HVHDUFK DQG (GXFDWLRQ 80RUH 3DUN DW
5RVHPRXQW 01 RQ  2FWREHU  )ROORZLQJ
FROOHFWLRQ EHHWOHV ZHUH KHOG LQ  / SODVWLF
GLVKHV ZLWK a EHHWOHV SHU GLVK DQG
PDLQWDLQHG DW   & DQG D SKRWRSHULRG RI 
/' 3ULRU WR H[SHULPHQWDWLRQ WKH GLVKHV
FRQWDLQLQJ EHHWOHV ZHUH ZDUPHG WR   & ZLWK
D SKRWRSHULRG RI  /'  DQG WKH EHHWOHV ZHUH
DOORZHG WR PDWH IRU  GD\V %HHWOHV ZHUH SURYLGHG
DQ DG OLELWXP VXSSO\ RI OLYH VR\EHDQ DSKLGV $SKLV
JO\FLQHV 0DWVXPXUD +HPLSWHUD $SKLGLGDH RQ
H[FLVHG VR\EHDQ OHDYHV *O\FLQH PD[ / 0HUULOO
DQG ZDWHUVRDNHG FP FXEHV RI 2DVLV IORUDO
IRDP 6PLWKHUV2DVLV &RPSDQ\
ZZZVPLWKHUVRDVLVFRP $IWHU WKH PDWLQJ
SHULRG DGXOW IHPDOHV ZHUH PDLQWDLQHG
LQGLYLGXDOO\ LQ SODVWLF 3HWUL GLVKHV  é  PP
VXSSOLHG ZLWK H[FLVHG VR\EHDQ OHDYHV LQIHVWHG ZLWK
VR\EHDQ DSKLG DQG ZDWHUVRDNHG FP IRDP
FXEHV 3HWUL GLVKHV FRQWDLQLQJ IHPDOHV ZHUH
FKHFNHG GDLO\ IRU RYLSRVLWLRQ ,I HJJV ZHUH
SUHVHQW IHPDOHV ZHUH WUDQVIHUUHG WR QHZ SHWUL
GLVKHV  [  PP SURYLVLRQHG ZLWK VR\EHDQ
OHDYHV DSKLGV DQG ZDWHU $IWHU HJJ KDWFK DQG
GLVSHUVDO RI ODUYDH IURP HJJ FOXVWHUV LH a GD\
SRVW KDWFKLQJ ILUVW LQVWDUV ZHUH LQGLYLGXDOO\
SODFHG LQWR SODVWLF 3HWUL GLVKHV  [  PP DQG
UHDUHGWRDGXOWVXQGHUH[SHULPHQWDOFRQGLWLRQV
7KH H[SHULPHQWDO FRQGLWLRQV FRQVLVWHG RI D
WKUHHIDFWRU IDFWRULDO FRPELQDWLRQ RI WHPSHUDWXUH
GLHW DQG WLPH DIWHU DGXOW HFORVLRQ 7KHUH ZHUH
IRXU WHPSHUDWXUHV    DQG & WZR
GLHWV VR\EHDQ DSKLGV DQG SXOYHUL]HG O\RSKLOL]HG
KRQH\ EHH SXSDH $SLV PHOOLIHUD / 2NDGD DQG
0DWVXND  DQG GD\V DIWHU DGXOW HFORVLRQ  
DQG  GD\V ,QGLYLGXDOV ZHUH UHDUHG LQ
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PDUJLQRIWKYLVLEOHDEGRPLQDOVWHUQLWH(²FRQYH[)²FRQFDYHIRU +DUPRQLDD[\ULGLV DGXOWV$&(IHPDOH%
')PDOH6ROLGDUURZVEODFNDQGZKLWHGHQRWHORFDWLRQRIPRUSKRORJLFDOFKDUDFWHUVXVHGWRSUHGLFWVH[1RWH
WKHFRQYH[SRUWLRQRIWKHILIWKYLVLEOHDEGRPLQDOVWHUQLWHGDVKHGDUURZPD\DSSHDUWUDQVSDUHQWDQGFRXOGUHVXOW
LQLQFRUUHFWVH[GHWHUPLQDWLRQV
HQYLURQPHQWDO JURZWK FKDPEHUV 3HUFLYDO
6FLHQWLILF ZZZSHUFLYDOVFLHQWLILFFRP DQG ZHUH
RUJDQL]HG LQ D UDQGRPL]HG FRPSOHWH EORFN GHVLJQ
(DFK WHPSHUDWXUH ZDV UHSOLFDWHG WZLFH VWDUWLQJ
ZLWK  + D[\ULGLV IRU DSKLG GLHW DQG  IRU EHH
SXSDH GLHW ZLWKLQ HDFK UHSOLFDWH $IWHU WKH
VSHFLILHG WLPH DIWHU DGXOW HFORVLRLQ + D[\ULGLV
ODEUXP DQG SURVWHUQXP SLJPHQWDWLRQ ZDV
UHFRUGHG ZLWKRXW PDJQLILFDWLRQ LH OLJKW
YHUVXV GDUN DQG VKDSH RI WKH GLVWDO PDUJLQ RI WKH
ILIWK YLVLEOH DEGRPLQDO VWHUQLWH LH FRQFDYH YV
FRQYH[ XVLQJ D VWHUHRPLFURVFRSH )LJXUH  ,Q D
UHODWLYHO\ VPDOO QXPEHU RI LQGLYLGXDOV LH
 ODEUXP RU SURVWHUQXP SLJPHQWDWLRQ ZDV
LQWHUPHGLDWH EHWZHHQ OLJKW DQG GDUN 7KHVH
LQGLYLGXDOV ZHUH JURXSHG GDUN LI DW OHDVW  RI
WKH VWUXFWXUH LH ODEUXP RU SURVWHUQXP ZDV
GDUNO\ SLJPHQWHG $W  GD\V DIWHU HFORVLRQ DOO
LQGLYLGXDOV ZHUH GLVVHFWHG DQG VH[ ZDV
GHWHUPLQHG E\ WKH SUHVHQFH RU DEVHQFH RI DQ
DHGHDJXV
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Seasonal and geographic variability
2Q  2FWREHU  + D[\ULGLV DGXOWV ZHUH
FROOHFWHG DW 80RUH 3DUN IURP DQ RYHUZLQWHULQJ
DJJUHJDWLRQ IDOO FROOHFWLRQ  )URP  0D\ WR
 -XQH  DGXOWV ZHUH FROOHFWHG IURP
EXFNWKRUQ 5KDPQXV FDWKDUWLFD / DW YDULRXV
ORFDWLRQV WKURXJKRXW VRXWKHUQ 0LQQHVRWD VSULQJ
FROOHFWLRQ  7DEOH  2Q  -XO\ DQG 
$XJXVW  DGXOWV ZHUH FROOHFWHG IURP VR\EHDQ
DW 80RUH 3DUN PLGVXPPHU DQG ODWHVXPPHU
 UHVSHFWLYHO\ 7DEOH  2Q  1RYHPEHU
 DGXOWV ZHUH FROOHFWHG DW 80RUH 3DUN IURP
WKH VDPH RYHUZLQWHULQJ VLWH DV LQ  IDOO
FROOHFWLRQ  7DEOH  ,Q DGGLWLRQ + D[\ULGLV
ZHUH REWDLQHG IURP GLIIHUHQW JHRJUDSKLF
ORFDWLRQV $GXOWV ZHUH FROOHFWHG RQ  WR 
$XJXVW  IURP ZLOORZ 6DOL[ VS DW WKH
$SSDODFKLDQ )UXLW 5HVHDUFK 6WDWLRQ %DUGDQH
:HVW 9LUJLQLD 2Q  6HSWHPEHU  DGXOWV
ZHUH FROOHFWHG IURP $UOLQJWRQ 5HVHDUFK 6WDWLRQ
8QLYHUVLW\ RI :LVFRQVLQ $UOLQJWRQ :,
+DUPRQLD D[\ULGLV IURP ERWK JHRJUDSKLF
ORFDWLRQV ZHUH VKLSSHG RYHUQLJKW WR WKH 8QLYHUVLW\
RI 0LQQHVRWD 6W 3DXO 01 $GXOWV ZHUH WKHQ
H[DPLQHG IRU ODEUXP DQG SURVWHUQXP
SLJPHQWDWLRQ VKDSH RI WKH GLVWDO PDUJLQ RI WKH
ILIWK DEGRPLQDO VWHUQLWH DQG GLVVHFWHG IRU
SUHVHQFH RU DEVHQFH RI DQ DHGHDJXV DV GHVFULEHG
SUHYLRXVO\
Days after eclosion
,Q D VHSDUDWH H[SHULPHQW WKH HIIHFW RI WLPH DIWHU
HFORVLRQ RQ ODEUXP DQG SURVWHUQXP SLJPHQWDWLRQ
DQG VKDSH RI WKH GLVWDO PDUJLQ RI WKH ILIWK YLVLEOH
DEGRPLQDO VWHUQLWH ZDV H[DPLQHG IRU QHZO\
HPHUJHG DGXOWV IURP D VDPSOH RI ILHOGFROOHFWHG
+ D[\ULGLV SXSDH 2Q  $XJXVW  SXSDH
ZHUH FROOHFWHG DW 80RUH 3DUN IURP VR\EHDQ
3XSDH ZHUH EURXJKW EDFN WR WKH ODE DQG ZHUH
PDLQWDLQHG DW   &  /' LQ 3HWUL GLVKHV
 é  PP $IWHU HFORVLRQ DGXOWV ZHUH
VXSSOLHG DG OLELWXP ZLWK VR\EHDQ OHDYHV DSKLGV
DQG ZDWHU DV GHVFULEHG SUHYLRXVO\ /DEUXP DQG
SURVWHUQXP SLJPHQWDWLRQ DQG VKDSH RI WKH GLVWDO
PDUJLQ RI WKH ILIWK DEGRPLQDO VWHUQLWH ZHUH
UHFRUGHG DW      DQG  GD\V DIWHU
DGXOW HFORVLRQ $W  GD\V DIWHU HFORVLRQ DOO
LQGLYLGXDOV ZHUH GLVVHFWHG DQG VH[ ZDV
GHWHUPLQHG E\ WKH SUHVHQFH RU DEVHQFH RI DQ
DHGHDJXVDVGHVFULEHGSUHYLRXVO\
Statistical analysis
/HDVWVTXDUHVUHJUHVVLRQLVOLPLWHGLQKDQGOLQJ
FDWHJRULFDO YDULDEOHV ZLWK ELQDU\ UHVSRQVHV
7KHUHIRUH JHQHUDOL]HG OLQHDU PRGHOV ZHUH XVHG WR
DQDO\]H DOO GDWD :KHUH DSSURSULDWH GDWD ZHUH ILW
XVLQJ VLPSOH DQG PXOWLSOH ORJLVWLF UHJUHVVLRQ
PRGHOV DQG WKH ORJLW ORJ RGGV UDWLR OLQN IXQFWLRQ
ZDV XVHG WR HVWLPDWH YDULRXV SUREDELOLWLHV $JUHVWL
 7KH ORJLW LV WKH QDWXUDO ORJDULWKP OQ RI
RGGV RI D VXFFHVVIXO UHVSRQVH HJ DGXOW IHPDOH
KDYLQJ D GDUN ODEUXP RU SURVWHUQXP 2GGV LV
GHILQHG DV WKH SUREDELOLW\ RI VXFFHVV RYHU
SUREDELOLW\ RI IDLOXUH 7KHUHIRUH DQ RGGV UDWLR LV
GHILQHG DV WKH UDWLR EHWZHHQ WZR RGGV )RU
H[DPSOH ZKHQ DQ RGGV UDWLR LV VLJQLILFDQWO\
JUHDWHU WKDQ  DQG OHVV WKDQ LQILQLW\ LQGLYLGXDOV LQ
RQH JURXS DUH PRUH OLNHO\ WR KDYH D VXFFHVV WKDQ
LQGLYLGXDOV IURP DQRWKHU JURXS )RU FDWHJRULFDO
HJ ODEUXP DQG SURVWHUQXP SLJPHQWDWLRQ DQG
FRQWLQXRXV HJ WHPSHUDWXUH DQG WLPH
SUHGLFWRUV WKH H[SRQHQWLDWHG VORSH HVWLPDWH ơ
IRU HDFK SUHGLFWRU IURP WKH ORJLVWLF UHJUHVVLRQ
PRGHO LV VLPSO\ WKH RGGV UDWLR RU WKH UDWLR RI WZR
RGGV )RU H[DPSOH WKH UHODWLRQVKLS EHWZHHQ
ODEUXP SLJPHQWDWLRQ DQG + D[\ULGLV VH[ FDQ EH
LQWHUSUHWHG E\ XVLQJ WKH FRQFHSW RI RGGV UDWLR
7KH SUREDELOLW\ RI VXFFHVV LQFUHDVHV
PXOWLSOLFDWLYHO\ E\ WKH YDOXH RI ơ IRU D  XQLW
LQFUHDVH LQ WKH H[SODQDWRU\ YDULDEOH HJ
WHPSHUDWXUHWLPHGLHWSLJPHQWDWLRQ
)RU HDFK VWXG\ PD[LPXP OLNHOLKRRGV 0/V IRU
LQWHUFHSW DQG VORSH SDUDPHWHUV ZHUH HVWLPDWHG
XVLQJ WKH LWHUDWLYH 1HZWRQ5DSKVRQ PHWKRG IRU
JHQHUDOL]HG OLQHDU PRGHOV 5 3URMHFW IRU 6WDWLVWLFDO
&RPSXWLQJ 9HUVLRQ  )RU PRGHO ILWWLQJ WKH
PRVW FRPSOH[ PRGHO ZDV XVHG ZKLFK LQFOXGHG DOO
PDLQ HIIHFWV DQG LQWHUDFWLRQ WHUPV 1H[W
EDFNZDUG HOLPLQDWLRQ ZDV XVHG DQG DQ
DSSURSULDWH ORJLW PRGHO ZDV VHOHFWHG XVLQJ WKH
OLNHOLKRRGUDWLR VWDWLVWLF LH GLIIHUHQFHV LQ
UHVLGXDO GHYLDQFHV EHWZHHQ D ILWWHG PRGHO DQG
VLPSOHU PRGHO 7HUPV ZLWK WKH ODUJHVW 3YDOXHV
ZHUH V\VWHPDWLFDOO\ UHPRYHG XQWLO DQ\ IXUWKHU
GHOHWLRQV \LHOGHG D VLJQLILFDQWO\ SRRUHU ILW $JUHVWL
 7KH 3HDUVRQ¶V FKLVTXDUHG VWDWLVWLF Ƶ
DQG OLNHOLKRRG UDWLRV * VDWXUDWHG PRGHO
GHYLDQFH PLQXV WKH UHVLGXDO GHYLDQFH IURP QHVWHG
PRGHO ZHUH XVHG WR WHVW WKH JRRGQHVVRIILW LH
+ PRGHO ILWV GDWD ZHOO RI HDFK PRGHO ,Q
DGGLWLRQ LQGLYLGXDO SDUDPHWHU HVWLPDWHV ZLWKLQ
HDFK ILQDO PRGHO ZHUH WHVWHG LH + ơ    XVLQJ
WKH:DOGVWDWLVWLF$JUHVWL
)RU WKH ODERUDWRU\ VWXG\ WHPSHUDWXUH GLHW DQG
GD\V DIWHU HFORVLRQ ZHUH LQFOXGHG DV SUHGLFWRUV RI
ODEUXPSLJPHQWDWLRQSURVWHUQXPSLJPHQWDWLRQ
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Table 1$VVRFLDWLRQEHWZHHQPRUSKRORJLFDOFKDUDFWHUVLHODEUXPDQGSURVWHUQXPSLJPHQWDWLRQDQGVWHUQLWH
SDWWHUQVDQG +D[\ULGLV VH[GHWHUPLQHGE\GLVVHFWLRQDFURVVGLHWVWHPSHUDWXUHVDQGGD\VSRVWDGXOW
HPHUJHQFH
Morphological structure: predictor
Sex labrum: dark prosternum: dark fiftha: concave
(VWLPDWHGSUREDELOLWLHVSE
0DOH   
)HPDOH   
&RHIILFLHQW 3DUDPHWHUHVWLPDWHV6(
,QWHUFHSWƠï  ï F
6ORSH   
;G   
D6KDSHRIWKHGLVWDOPDUJLQRIWKHILIWKYLVLEOHDEGRPLQDOVWHUQLWH
E3UREDELOLWLHVZHUHFDOFXODWHGXVLQJWKHRGGVUDWLRVIURPWKHILQDOORJLVWLFUHJUHVVLRQPRGHOSHTXDOVS[  3< 
_; [ ï3< _; [ H[SƠơ[ ơ[ «ơM[MH[SƠơ[ ơ[ «ơM[MZKHUH<LVWKHELQDU\
UHVSRQVHYDULDEOH;LVWKHH[SODQDWRU\YDULDEOHDQG [ HTXDOVWKHYDOXHDWMWK SUHGLFWRULHRU3UREDELOLWLHVRI
WKHFRPSOLPHQWDU\WUDLWVFDQEHFDOFXODWHGDVS
F6WDWLVWLFDODQDO\VLVZDVQRWDSSURSULDWHEHFDXVHWKHUHZDVQRYDULDWLRQEHWZHHQVWHUQLWHVKDSHVDQGVH[LHDOO
PDOHVDQGIHPDOHVKDGFRQFDYHDQGFRQYH[GLVWDOPDUJLQVUHVSHFWLYHO\RQWKHILIWKYLVLEOHDEGRPLQDOVWHUQLWH
G3HDUVRQ¶VFKLVTXDUHGJRRGQHVVRIILWWHVW+PRGHOH[SODLQVWKHGDWDZHOO
RU VWHUQLWH VKDSH 7KHUHIRUH ORJLVWLF UHJUHVVLRQ
ZDV XVHG WR LQYHVWLJDWH ZKHWKHU WKH DERYH
SUHGLFWRUV ZHUH DVVRFLDWHG RU FRQGLWLRQDOO\
LQGHSHQGHQW RI WKH RGGV RI DQ DGXOW KDYLQJ OLJKW
RU GDUN SLJPHQWDWLRQ RQ WKH ODEUXP RU
SURVWHUQXP &DWHJRULFDO SUHGLFWRUV WKDW ZHUH QRW
ELQDU\ HJ WHPSHUDWXUH DQG WLPH DIWHU HFORVLRQ
ZHUH WUHDWHG DV FRQWLQXRXV YDULDEOHV LQ WKH
ORJLVWLF UHJUHVVLRQ PRGHOV ,Q DGGLWLRQ ODEUXP
SLJPHQWDWLRQ SURVWHUQXP SLJPHQWDWLRQ RU
VWHUQLWH VKDSH ZHUH XVHG DV VHSDUDWH SUHGLFWRUV RI
+ D[\ULGLV DFWXDO VH[ IRU WKH ODERUDWRU\ VWXG\ DQG
ERWKILHOGVWXGLHV
Results
Laboratory study
(FORVLRQ RI EHHWOHV IURP EHH SXSDH DQG DSKLG
GLHWV ZDV  DQG  DW &  DQG  DW
&  DQG  DW & DQG  DQG  DW
& UHVSHFWLYHO\ $FURVV DOO UHSOLFDWLRQV
WHPSHUDWXUHV GLHWV DQG GD\V DIWHU HFORVLRQ
IHPDOHV FRQVLVWHQWO\ KDG D FRQYH[ GLVWDO PDUJLQ
IRU WKH ILIWK DEGRPLQDO VWHUQLWH &RQYHUVHO\ PDOHV
FRQVLVWHQWO\ H[KLELWHG D FRQFDYH GLVWDO PDUJLQ
7DEOH  7KHUHIRUH D VWDWLVWLFDO PRGHO IRU
SUHGLFWLQJ VH[ EDVHG RQ WKH ILIWK YLVLEOH DEGRPLQDO
VWHUQLWH VKDSH ZDV QRW DSSURSULDWH EHFDXVH WKLV
FKDUDFWHU ZDV DOZD\V DVVRFLDWHG ZLWK VH[ LH
WKHUH ZDV QR YDULDWLRQ /DEUXP SLJPHQWDWLRQ
ZDV VLJQLILFDQWO\ DVVRFLDWHG ZLWK + D[\ULGLV VH[
DFURVV DOO GLHWV WHPSHUDWXUHV DQG GD\V DIWHU DGXOW
HFORVLRQ 7DEOH  7KH OLNHOLKRRGUDWLR WHVW
VWDWLVWLF FRPSDULQJ WKH ILWWHG PRGHO LH PDLQ
HIIHFW RI ODEUXP SLJPHQWDWLRQ WR WKH
LQGHSHQGHQFH PRGHO LH QR HIIHFW WHUP VKRZV
VWURQJ HYLGHQFH IRU DQ DVVRFLDWLRQ *    GI
  3   ,Q DGGLWLRQ 3HDUVRQ¶V Ƶ VWDWLVWLF
VKRZHG WKH PRGHO ILW WKH GDWD ZHOO Ƶ    GI  
 3    7KH :DOG VWDWLVWLF LH ]  
ơ6(    GI    3   DOVR VKRZHG
VWURQJ HYLGHQFH RI DQ DVVRFLDWLRQ EHWZHHQ ODEUXP
SLJPHQWDWLRQ DQG VH[ 7DEOH  7KH RGGV RI
VXFFHVV IRU DGXOW + D[\ULGLV KDYLQJ D GDUN
ODEUXP LV  WLPHV JUHDWHU IRU IHPDOHV WKDQ
PDOHV WKH :DOG  FRQILGHQFH LQWHUYDO IRU WKLV
UHODWLRQVKLS LV  WR  7KHUHIRUH WKH
HVWLPDWHG SUREDELOLW\ RI D IHPDOH KDYLQJ D GDUN
Table 2 $VVRFLDWLRQVEHWZHHQWHPSHUDWXUHGD\VSRVWHPHUJHQFHDQGSLJPHQWDWLRQODEUXPDQGSURVWHUQXPIRU
+D[\ULGLV PDOHVDQGIHPDOHV
Parameter estimate (SE)
Male Female
Coefficient labrum: dark prosternum: dark labrum: dark prosternum: dark
,QWHUFHSWƠ    
7HPSHUDWXUH& ï ï ï ï
3RVWHPHUJHQFHG    
;D    
D3HDUVRQ¶VFKLVTXDUHGJRRGQHVVRIILWWHVW+PRGHOH[SODLQVWKHGDWDZHOO3UREDELOLWLHVFDQEHFDOFXODWHGXVLQJ
WKHRGGVUDWLRVIURPWKHILQDOORJLVWLFUHJUHVVLRQPRGHOS[  3< _; [ 3< _; [ H[SƠơ[ 
ơ[H[SƠơ[ơ[ZKHUH<LVWKHELQDU\UHVSRQVHYDULDEOH;LVWKHH[SODQDWRU\YDULDEOHDQG[ DQG[
FRUUHVSRQGWRDVLQJOHXQLWLQFUHDVHLQWHPSHUDWXUHDQGGD\VSRVWHPHUJHQFHUHVSHFWLYHO\VHH)LJ
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Figure 2(IIHFWRIWHPSHUDWXUHDQGWLPHSRVWDGXOWHFORVLRQRQODEUXP$%DQGSURVWHUQXPSLJPHQWDWLRQ&
'IRUODERUDWRU\UHDUHG +DUPRQLDD[\ULGLV PDOHV%'DQGIHPDOHV$&6\PEROVUHSUHVHQWREVHUYHGGDWDDQG
OLQHVUHSUHVHQWSUHGLFWLRQVIURPORJLVWLFUHJUHVVLRQPRGHOVVHH7DEOHIRUSDUDPHWHUHVWLPDWHV
ODEUXP IURP WKH ORJLVWLF UHJUHVVLRQ LV 
7DEOH
3URVWHUQXP SLJPHQWDWLRQ ZDV DOVR VLJQLILFDQWO\
DVVRFLDWHG ZLWK + D[\ULGLV VH[ DFURVV DOO GLHWV
WHPSHUDWXUHV DQG GD\V DIWHU DGXOW HFORVLRQ 7DEOH
 7KH OLNHOLKRRGUDWLR WHVW VWDWLVWLF FRPSDULQJ
WKH ILWWHG PRGHO LH PDLQ HIIHFW RI SURVWHUQXP
SLJPHQWDWLRQ WR WKH LQGHSHQGHQFH PRGHO LH QR
HIIHFW WHUP VKRZHG VWURQJ HYLGHQFH RI DQ
DVVRFLDWLRQ *    GI    3   DQG
3HDUVRQ¶V Ƶ VWDWLVWLF VKRZHG WKH PRGHO ILW WKH
GDWD ZHOO Ƶ    GI    3    7KH
:DOG VWDWLVWLF LH ]    GI    3  
DOVR VKRZHG VWURQJ HYLGHQFH RI DQ DVVRFLDWLRQ
EHWZHHQ SURVWHUQXP SLJPHQWDWLRQ DQG VH[ 7DEOH
 +RZHYHU WKH RGGV RI VXFFHVV IRU DGXOW +
D[\ULGLV KDYLQJDGDUNSURVWHUQXPZDVWLPHV
JUHDWHU IRU IHPDOHV WKDQ PDOHV WKH :DOG 
FRQILGHQFH LQWHUYDO IRU WKLV UHODWLRQVKLS LV  WR
 7KHUHIRUH WKH HVWLPDWHG SUREDELOLW\ RI D
IHPDOH KDYLQJ D GDUN SURVWHUQXP IURP WKH ORJLVWLF
UHJUHVVLRQ ZDV  7DEOH  2YHUDOO SUHGLFWLQJ
+ D[\ULGLV VH[ XVLQJ ODEUXP SLJPHQWDWLRQ ZDV
OHVV YDULDEOH WKDQ XVLQJ SURVWHUQXP
SLJPHQWDWLRQ
)RU PDOHV DQG IHPDOHV VHSDUDWH ORJLVWLF PRGHOV
ZLWK ODEUXP RU SURVWHUQXP SLJPHQWDWLRQ DV WKH
UHVSRQVH LQFOXGHG RQO\ WKH PDLQ HIIHFWV RI
WHPSHUDWXUH DQG GD\V DIWHU HFORVLRQ 7DEOH 
'LHW DQG UHSOLFDWH ZHUH FRQGLWLRQDOO\ LQGHSHQGHQW
RI ODEUXP RU SURVWHUQXP SLJPHQWDWLRQ
7KHUHIRUH WKH PDLQ HIIHFWV LH WHPSHUDWXUH DQG
GD\V DIWHU HFORVLRQ ZHUH FROODSVHG RYHU UHSOLFDWH
DQGGLHW7KXVWKHHVWLPDWHGWUHDWPHQWHIIHFWLV
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH DSSUR[LPDWHO\ WKH PDUJLQDO RGGV UDWLRV RI
WHPSHUDWXUH DQG GD\V DIWHU HFORVLRQ RQ ODEUXP RU
SURVWHUQXPSLJPHQWDWLRQ
Table 3/DEUXPDQGSURVWHUQXPSLJPHQWDWLRQIRU
ILHOGFROOHFWHG +D[\ULGLV DWGLIIHUHQWWLPHVGXULQJWKH\HDU
LQ0LQQHVRWD
No. males No. females
Collection date Structure Light Dark Light Dark
)DOOD
/DEUXP    
3URVWHUQXP    
6SULQJE
/DEUXP    
3URVWHUQXP    
0LGVXPPHUF
/DEUXP    
3URVWHUQXP    
/DWHVXPPHUG
/DEUXP    
3URVWHUQXP    
)DOOD
/DEUXP    
3URVWHUQXP    
D&ROOHFWHGLQRYHUZLQWHULQJVLWH
E&ROOHFWHGLQYDULRXVKDELWDWW\SHVHJIRUHVWZHWODQG
FURSODQG
F&ROOHFWHGRQVR\EHDQLQODWH-XO\
G&ROOHFWHGRQVR\EHDQLQPLG$XJXVW
)RU ODEUXP SLJPHQWDWLRQ WKH OLNHOLKRRGUDWLR WHVW
VWDWLVWLF FRPSDULQJ WKH ILWWHG PRGHO WR WKH
LQGHSHQGHQFH PRGHO VKRZHG VWURQJ HYLGHQFH RI
DQ DVVRFLDWLRQ IRU IHPDOHV *    GI    3 
 DQG PDOHV *    GI    3  
3HDUVRQ¶V Ƶ VWDWLVWLF VKRZHG WKH PRGHOV ILW WKH
GDWD ZHOO IRU IHPDOH Ƶ    GI    3  
 DQG PDOH Ƶ    GI    3   
LQGLYLGXDOV :DOG VWDWLVWLFV DOVR VKRZHG VWURQJ
HYLGHQFH RI DQ DVVRFLDWLRQ EHWZHHQ ODEUXP
SLJPHQWDWLRQ DQG UHDULQJ WHPSHUDWXUH IRU IHPDOHV
]    GI    3   DQG PDOHV ]  
 GI    3   ,Q DGGLWLRQ WKHUH ZDV D
VLJQLILFDQW DVVRFLDWLRQ EHWZHHQ ODEUXP
SLJPHQWDWLRQ DQG GD\V DIWHU HFORVLRQ IRU IHPDOHV
]    GI    3   DQG PDOHV ]  
 GI    3    7DEOH  'DUN ODEUXP
SLJPHQWDWLRQ ZDV QHJDWLYHO\ DIIHFWHG E\
WHPSHUDWXUH LH ïơ DQG SRVLWLYHO\ DIIHFWHG E\
GD\V DIWHU HFORVLRQ LH  ơ 7DEOH  )RU
IHPDOHV DQG PDOHV RGGV RI KDYLQJ D GDUN ODEUXP
GHFUHDVHG  DQG  UHVSHFWLYHO\ IRU HYHU\
 XQLW LQFUHDVH LQ WHPSHUDWXUH 7DEOH 
&RQYHUVHO\ RGGV RI DGXOW + D[\ULGLV KDYLQJ D
GDUN ODEUXP LQFUHDVHG  IRU IHPDOHV DQG
 IRU PDOHV IRU HYHU\  XQLW LQFUHDVH LQ GD\V
DIWHU HFORVLRQ7DEOH  ,Q WKLV VWXG\ DOO DGXOWV
KDG WKH KLJKHVW SUREDELOLW\ RI D GDUN ODEUXP DW WKH
ORZHVW UHDULQJ WHPSHUDWXUHV LH & DQG
JUHDWHVW GD\V DIWHU HFORVLRQ LH  GD\V )LJXUH

3URVWHUQXP SLJPHQWDWLRQ DOVR VKRZHG VWURQJ
HYLGHQFH RI DQ DVVRFLDWLRQ IRU IHPDOHV *  
 GI    3   DQG PDOHV *   
GI    3   ZLWK WKH PDLQ HIIHFWV RI
WHPSHUDWXUH DQG GD\V DIWHU HFORVLRQ GDWD ZHUH
FROODSVHG DFURVV GLHW DQG UHSOLFDWH 3HDUVRQ¶V Ƶ
VWDWLVWLFV VKRZHG WKH PRGHOV ILW WKH GDWD ZHOO IRU
IHPDOH Ƶ    GI    3    DQG PDOH
Ƶ    GI    3    LQGLYLGXDOV
:DOG VWDWLVWLFV DOVR VKRZHG VWURQJ HYLGHQFH RI DQ
DVVRFLDWLRQ EHWZHHQ SURVWHUQXP SLJPHQWDWLRQ
DQG UHDULQJ WHPSHUDWXUH IRU IHPDOHV ]   
GI    3   DQG PDOHV ]    GI    3
  ,Q DGGLWLRQ WKHUH ZDV D VLJQLILFDQW
DVVRFLDWLRQ EHWZHHQ SURVWHUQXP SLJPHQWDWLRQ
DQG GD\V DIWHU HFORVLRQ IRU IHPDOHV ]    GI
  3   DQG PDOHV ]    GI    3  
 7DEOH  'DUN SURVWHUQXP SLJPHQWDWLRQ
ZDV QHJDWLYHO\ DIIHFWHG E\ WHPSHUDWXUH DQG
SRVLWLYHO\ DIIHFWHG E\ GD\V DIWHU HFORVLRQ 7DEOH 
)RU IHPDOHV DQG PDOHV RGGV RI KDYLQJ D GDUN
SURVWHUQXP GHFUHDVHG  DQG 
UHVSHFWLYHO\ IRU HYHU\  XQLW LQFUHDVH LQ
WHPSHUDWXUH 7DEOH  &RQYHUVHO\ RGGV RI DGXOW
+ D[\ULGLV KDYLQJ D GDUN SURVWHUQXP LQFUHDVHG
 IRU IHPDOHV DQG  IRU PDOHV IRU HYHU\ 
XQLW LQFUHDVH LQ GD\V DIWHU HFORVLRQ 7DEOH  $OO
DGXOWV KDG WKH KLJKHVW SUREDELOLW\ RI D GDUN
SURVWHUQXP DW WKH ORZHVW UHDULQJ WHPSHUDWXUHV
LH & DQG JUHDWHVW GD\V DIWHU HFORVLRQ LH 
GD\V)LJXUH
Field studies
Seasonal and geographic variability
,Q WKH ILHOGFROOHFWHG YDOLGDWLRQ  RI WKH
PDOHV FROOHFWHG KDG OLJKW ODEUXPV DQG
SURVWHUQXPV KRZHYHU YDULDELOLW\ LQ ODEUXP DQG
SURVWHUQXP SLJPHQWDWLRQ ZDV REVHUYHG IRU
ODWHVXPPHU FROOHFWHG IHPDOHV 7DEOH  7R WHVW
IRU WKH DVVRFLDWLRQ EHWZHHQ ODEUXP RU SURVWHUQXP
SLJPHQWDWLRQ DQG + D[\ULGLV VH[ IRU EHHWOHV
REVHUYHG RQ  $XJXVW )LVKHU¶V H[DFW WHVW ZDV
XVHG IRU FRXQW GDWD KDYLQJ D VPDOOVL]HG
GLVWULEXWLRQ LH FHOO FRXQWV   $JUHVWL 
)RU ODEUXP DQG SURVWHUQXP SLJPHQWDWLRQ WKH
WUXH RGGV UDWLRV ZHUH VLJQLILFDQWO\ GLIIHUHQW IURP 
3   DQG ERWK FKDUDFWHUV KDG D :DOG 
FRQILGHQFH LQWHUYDO EHWZHHQ  DQG 
VXJJHVWLQJDVWURQJDVVRFLDWLRQEHWZHHQODEUXP
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Figure 35HODWLRQVKLSEHWZHHQODEUXPDQGSURVWHUQXPSLJPHQWDWLRQDQGGD\VSRVWDGXOWHFORVLRQIRU
ILHOGFROOHFWHG +DUPRQLDD[\ULGLV SXSDHPDLQWDLQHGDW&LQDQHQYLURQPHQWDOJURZWKFKDPEHU6\PEROV
UHSUHVHQWREVHUYHGGDWDDQGGRWWHGOLQHVUHSUHVHQWSUHGLFWLRQVIURPORJLVWLFUHJUHVVLRQPRGHOVVHH7DEOHIRU
SDUDPHWHUHVWLPDWHV6LQFHDOOPDOHVKDGOLJKWODEUXPVDQGSURVWHUQXPVSUHGLFWLRQVIURPWKHORJLVWLFUHJUHVVLRQ
PRGHOGRWWHGOLQHRQO\SHUWDLQWRIHPDOH +D[\ULGLV
DQG SURVWHUQXP SLJPHQWDWLRQ DQG VH[
)XUWKHUPRUH LQ ILHOGFROOHFWLRQV RI + D[\ULGLV
IURP :HVW 9LUJLQLD  DGXOWV DQG :LVFRQVLQ
 DGXOWV  RI WKH IHPDOHV WKDW ZHUH
FROOHFWHG KDG D GDUN ODEUXP DQG SURVWHUQXP DQG
 RI WKH PDOHV KDG D OLJKW ODEUXP DQG
SURVWHUQXP
Days after eclosion
)RU WKH  PDOHV WKDW HPHUJHG IURP
ILHOGFROOHFWHG SXSDH WKHUH ZDV QR YDULDELOLW\ LQ
ODEUXP RU SURVWHUQXP SLJPHQWDWLRQ DV DOO PDOHV
KDG OLJKW SLJPHQWDWLRQ +RZHYHU IRU IHPDOHV
ODEUXP DQG SURVWHUQXP SLJPHQWDWLRQ YDULHG
7KHUHIRUH RQO\ WKH IHPDOH GDWDLQWKH ORJLVWLF
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH Table 4$VVRFLDWLRQVEHWZHHQGD\VSRVWHPHUJHQFHDQGODEUXPDQGSURVWHUQXPSLJPHQWDWLRQIRU +D[\ULGLV
IHPDOHVHPHUJHGIURPILHOGFROOHFWHGSXSDH)RUDOOPDOHVWKHUHZDVQRYDULDELOLW\LQODEUXPRUSURVWHUQXP
SLJPHQWDWLRQDQGRQO\IHPDOHGDWDZHUHLQFOXGHGLQWKHILQDOORJLVWLFUHJUHVVLRQPRGHOV
Parameter estimate (SE)a
Coefficient labrum: dark prosternum: dark fifthb: convex
,QWHUFHSWƠï  ï F
3RVWHPHUJHQFHG   
;G   
D6HSDUDWHORJLVLWLFUHJUHVVLRQPRGHOVZHUHILWIRUHDFKPRUSKRORJLFDOFKDUDFWHUDQGSDUDPHWHUHVWLPDWHVIURPWKH
ILQDOPRGHOVDUHOLVWHG
E6KDSHRIWKHGLVWDOPDUJLQRIWKHILIWKYLVLEOHDEGRPLQDOVWHUQLWH
F6WDWLVWLFDODQDO\VLVZDVQRWDSSURSULDWHEHFDXVHWKHUHZDVQRYDULDWLRQEHWZHHQVWHUQLWHVKDSHVDQGVH[LHDOO
IHPDOHVKDGFRQYH[GLVWDOPDUJLQVRQWKHILIWKYLVLEOHDEGRPLQDOVWHUQLWH
G3HDUVRQ¶VFKLVTXDUHGJRRGQHVVRIILWWHVW+PRGHOH[SODLQVWKHGDWDZHOO3UREDELOLWLHVFDQEHFDOFXODWHG
XVLQJWKHRGGVUDWLRVIURPWKHILQDOORJLVWLFUHJUHVVLRQPRGHOS[  3< _; [ ï3< _; [ H[SƠ
ơ[H[SƠơ[ZKHUH<LVWKHELQDU\UHVSRQVHYDULDEOH;LVWKHH[SODQDWRU\YDULDEOHDQG [ FRUUHVSRQGVWR
DVLQJOHXQLWLQFUHDVHLQGD\VSRVWHPHUJHQFHVHH)LJIRUSUHGLFWHGYDOXHV
UHJUHVVLRQ PRGHO ZHUH LQFOXGHG )RU IHPDOH
ODEUXP SLJPHQWDWLRQ WKH OLNHOLKRRGUDWLR WHVW
VWDWLVWLF FRPSDULQJ WKH ILWWHG PRGHO WR WKH
LQGHSHQGHQFH PRGHO VKRZHG HYLGHQFH RI D VWURQJ
DVVRFLDWLRQ *    GI    3   DQG
3HDUVRQ¶V Ƶ VWDWLVWLF VKRZHG WKH PRGHO ILW WKH
GDWD ZHOO Ƶ    GI    3    )URP
WKH ORJLVWLF UHJUHVVLRQ PRGHO WKH RGGV RI D IHPDOH
KDYLQJ D GDUN ODEUXP LQFUHDVHG  WLPHV IRU
HYHU\  XQLW LQFUHDVH LQ GD\V DIWHU HFORVLRQ 
RI + D[\ULGLV IHPDOHV KDG GDUN ODEUXPV E\  GD\V
)LJXUH  7DEOH  ,Q DGGLWLRQ IHPDOH
SURVWHUQXP SLJPHQWDWLRQ ZDV DVVRFLDWHG ZLWK
GD\V DIWHU HFORVLRQ *    GI    3  
DQG 3HDUVRQ¶V Ƶ VWDWLVWLF VKRZHG WKH PRGHO ILW WKH
GDWD ZHOO Ƶ    GI    3   
6LPLODUO\ WKH RGGV RI D IHPDOH KDYLQJ D GDUN
SURVWHUQXP LQFUHDVHG E\  IRU HYHU\  XQLW
LQFUHDVH LQ GD\V DIWHU HFORVLRQ RQO\  RI WKH
IHPDOHV KDG D GDUN SURVWHUQXP E\ WKH HQG RI WKH
 GD\ VWXG\ 7DEOH  )LJXUH  &RQYHUVHO\
PDOHV QHYHU KDG D GDUN ODEUXP RU SURVWHUQXP DW
DQ\WLPHGXULQJWKHVWXG\)LJXUH
Discussion
0HWKRGV IRU GHWHUPLQLQJ WKH VH[ RI FRFFLQHOOLGV
ZLWKRXW GLVVHFWLRQ DUH QHFHVVDU\ IRU HFRORJLFDO
DQG JHQHWLF VWXGLHV 0DMHUXV  2XU UHVXOWV
LQGLFDWH WKDW H[WHUQDO PRUSKRORJLFDO FKDUDFWHUV
FDQ EH XVHG WR GHWHUPLQH WKH VH[ RI + D[\ULGLV
ZLWKRXW NLOOLQJ WKH EHHWOHV 7KH VKDSH RI WKH GLVWDO
PDUJLQV RI WKH ODVW YLVLEOH DEGRPLQDO VWHUQLWHV KDV
EHHQ XVHG IRU VH[ GHWHUPLQDWLRQ IRU YDULRXV
FRFFLQHOOLGV %DXQJDDUG  0DMHUXV 
+RGHN DQG +RQHN  LQFOXGLQJ + D[\ULGLV
5LGGLFNDQG6FKDHIHU+RZHYHUWKHHUURU
UDWHV DVVRFLDWHG ZLWK WKLV WHFKQLTXH KDYH QRW EHHQ
TXDQWLILHG 7KH VKDSH RI WKH GLVWDO PDUJLQ RI WKH
ILIWK YLVLEOH DEGRPLQDO VWHUQLWH ZDV IRXQG WR
DFFXUDWHO\ SUHGLFW + D[\ULGLV VH[ IRU DOO EHHWOHV
H[DPLQHG 0DOHV FRQVLVWHQWO\ KDG D FRQFDYH GLVWDO
PDUJLQ ZKLOH IHPDOHV KDG D FRQYH[ GLVWDO PDUJLQ
)LJXUH () ,Q FRQWUDVW 7VDJDQRX HW DO 
PHQWLRQHG WKDW WKH VKDSH RI WKH DEGRPLQDO
VWHUQLWHV ZDV QRW D UHOLDEOH SUHGLFWRU RI +
D[\ULGLV VH[ 7KLV GLVFUHSDQF\ DPRQJ VWXGLHV PD\
EH GXH WR WKH FRQYH[ SRUWLRQ RI WKH ILIWK YLVLEOH
DEGRPLQDO VWHUQLWH RFFDVLRQDOO\ EHLQJ
WUDQVSDUHQW WKXV DSSHDULQJ FRQFDYH DQG UHVXOWLQJ
LQ WUXH IHPDOHV EHLQJ FODVVLILHG DV PDOHV )LJXUH
 $W WLPHV LW ZDV QHFHVVDU\ WR XVH D ILQH SRLQWHG
SUREH WR LGHQWLI\ WKH WUXH GLVWDO PDUJLQ RI WKH
DEGRPLQDOVWHUQLWH
6LQFH DGXOW + D[\ULGLV PXVW EH PDQLSXODWHG LH
KDQGOHG DQG LQYHUWHG DQG PDJQLILHG ZKHQ XVLQJ
WKH VKDSH RI WKH ILIWK YLVLEOH DEGRPLQDO VWHUQLWH
IRU VH[ GHWHUPLQDWLRQ RWKHU PRUH
UHDGLO\DFFHVVLEOH PRUSKRORJLFDO FKDUDFWHUV ZHUH
VRXJKW IRU GHWHUPLQLQJ WKH VH[ RI + D[\ULGLV
/DEUXP DQG SURVWHUQXP SLJPHQWDWLRQ ZHUH ERWK
VLJQLILFDQWO\ DVVRFLDWHG ZLWK + D[\ULGLV VH[ 2I
WKHVH WZR FKDUDFWHUV ODEUXP SLJPHQWDWLRQ LV
PRUH GHVLUDEOH GXH WR LWV KLJKHU DFFXUDF\ DW
SUHGLFWLQJ VH[ ,Q DGGLWLRQ + D[\ULGLV FDQ EH
VH[HG LQ WKH ILHOG XVLQJ ODEUXP SLJPHQWDWLRQ
RIWHQ ZLWKRXW PDJQLILFDWLRQ RU PDQLSXODWLRQ ,I D
KDQG OHQV LV UHTXLUHG VH[ LGHQWLILFDWLRQ FDQ EH
UHFRUGHG ZLWK PLQLPDO GLVWXUEDQFH WR WKH DGXOW
XQOLNH WKH XVH RI VWHUQDO FKDUDFWHUV ZKLFK ZRXOG
DOZD\V UHTXLUH DGXOW GLVWXUEDQFH DQG
PDQLSXODWLRQ WR YLHZ LQ WKH ILHOG 5RJHUV HW DO
 DOVR XVHG GLIIHUHQFHV LQ SLJPHQWDWLRQ RI WKH
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH DQWHURPHGLDQ SRUWLRQ RI WKH KHDG WR GLIIHUHQWLDWH
WKHVH[HVRI 3URS\OHDSXQFWDWD /
)RU D FKDUDFWHU VXFK DV ODEUXP RU SURVWHUQXP
SLJPHQWDWLRQ WR EH HPSOR\HG IRU VH[
GHWHUPLQDWLRQ LWV UREXVWQHVV WR FKDQJH XQGHU
YDU\LQJ FRQGLWLRQV PXVW EH HYDOXDWHG )RU
LQVWDQFH *ULOO DQG 0RRUH  IRXQG WKDW GLHW
FDQ LQIOXHQFH WKH FRORUDWLRQ RI + D[\ULGLV
+RZHYHU ZH IRXQG WKDW ODEUXP DQG SURVWHUQXP
SLJPHQWDWLRQ ZHUH FRQGLWLRQDOO\ LQGHSHQGHQW RI
GLHW LH OLYH DSKLGV YV WKH GLHW PDGH IURP EHH
SXSDH ,Q DGGLWLRQ UHDULQJ WHPSHUDWXUH KDV DOVR
EHHQ VKRZQ WR LQIOXHQFH WKH FRORUDWLRQ RI +
D[\ULGLV HO\WUDO SDWWHUQ 6DNDL HW DO  2XU
UHVXOWV H[WHQG WKLV WHQGHQF\ WR RWKHU VWUXFWXUHV
LH ODEUXP DQG SURVWHUQXP ZLWK GDUNHU
ODEUXP DQG SURVWHUQXP SLJPHQWDWLRQ EHLQJ
DVVRFLDWHG ZLWK ORZHU FRQVWDQW WHPSHUDWXUHV ,Q
RXU VWXG\ WLPH DIWHU DGXOW HFORVLRQ DOVR KDG D
VLJQLILFDQW LPSDFW RQ ODEUXP DQG SURVWHUQXP
SLJPHQWDWLRQ )RU IHPDOHV WKHVH FKDUDFWHUV
EHFDPH GDUNHU ZLWK LQFUHDVLQJ WLPH DIWHU DGXOW
HFORVLRQ ZKHUHDV WKH ODEUXP DQG SURVWHUQXP RI
PDOHV UHPDLQHG OLJKW WKURXJK WLPH )RU
ODERUDWRU\UHDUHG RU ILHOGFROOHFWHG IHPDOHV
YDULDELOLW\ LQ ODEUXP SLJPHQWDWLRQ RQO\ ODVWHG IRU
 GD\V DIWHU DGXOW HFORVLRQ )LJXUHV   7KLV
UHVXOW FRPHV DV QR VXUSULVH VLQFH LW LV ZHOO NQRZQ
WKDW VFOHURWL]DWLRQ DQG SLJPHQWDWLRQ RI DGXOW
LQVHFWV LQFUHDVHV ZLWK LQFUHDVLQJ WLPH DIWHU DGXOW
HFORVLRQ &KDSPDQ  +RZHYHU SULRU WR RXU
VWXG\ WKH WLPH UHTXLUHG IRU WKLV FKDQJH WR RFFXU
KDG QRW EHHQ GHWHUPLQHG IRU ODEUXP DQG
SURVWHUQXPSLJPHQWDWLRQRI +D[\ULGLV
$V YDOLGDWLRQ IRU WKH XVH RI ODEUXP RU SURVWHUQXP
FRORU IRU VH[ GHWHUPLQDWLRQ WKH WHPSRUDO DQG
VSDWLDO YDULDELOLW\ RI WKHVH FKDUDFWHUV ZDV
H[DPLQHG DV SUHGLFWRUV RI VH[ IRU ILHOGFROOHFWHG
+ D[\ULGLV $PRQJ WKH DGGLWLRQDO ORFDWLRQV LH
:LVFRQVLQ DQG :HVW 9LUJLQLD IURP ZKLFK +
D[\ULGLV ZHUH REWDLQHG ODEUXP DQG SURVWHUQXP
SLJPHQWDWLRQ SURYHG DFFXUDWH IRU SUHGLFWLQJ VH[
)XUWKHUPRUH IRU EHHWOHV FROOHFWHG WKURXJKRXW WKH
\HDU LQ 0LQQHVRWD WKHVH SUHGLFWRUV PDLQWDLQHG
WKHLU DFFXUDF\ ZLWK WKH ODEUXP DQG SURVWHUQXP
EHLQJ OLJKW LQ DOO PDOHV DQG GDUN LQ DOO IHPDOHV
H[FHSW LQ WKH ODWH VXPPHU FROOHFWLRQ ZKHQ
YDULDELOLW\ ZDV REVHUYHG DPRQJ WKH IHPDOHV 7KH
SUHVHQFH RI IHPDOHV ZLWK OLJKW ODEUXPV LQ ODWH
VXPPHU ZDV OLNHO\ DWWULEXWHG WR WKLV FROOHFWLRQ
GDWH FRLQFLGLQJ ZLWK WKH SHDN HFORVLRQ RI DGXOW +
D[\ULGLV IURP SXSDH LQ WKH ILHOG %30
XQSXEOLVKHG GDWD DQG WKH DVVRFLDWHG YDULDELOLW\
LQ SLJPHQWDWLRQ RI WKH FKDUDFWHUV RI IHPDOHV
VKRUWO\DIWHUHFORVLRQDVPHQWLRQHGDERYH
,QWHQGHG XVHV IRU ODEUXP SLJPHQWDWLRQ DV D
SUHGLFWRU RI + D[\ULGLV VH[ LQFOXGH ERWK DSSOLHG
DQG EDVLF UHVHDUFK LQ WKH ODERUDWRU\ DQG ILHOG )RU
H[DPSOH DXJPHQWDWLYH ELRORJLFDO FRQWURO
SURJUDPV XWLOL]LQJ + D[\ULGLV FRXOG EHQHILW IURP
D PRUH UDSLG PHWKRG RI VRUWLQJ PDOHV IURP
IHPDOHV ZKHQ PDVVUHDULQJ WKLV SUHGDWRU ,Q
DGGLWLRQ WKLV UHDGLO\ XVDEOH WHFKQLTXH IRU LQILHOG
VH[ GHWHUPLQDWLRQ FRXOG EH XVHG WR LPSURYH
VWXGLHV RQ WKH SRSXODWLRQ G\QDPLFV DQG EHKDYLRU
RI WKLV EHQHILFLDOSHVW LQVHFW ,Q VXFK VWXGLHV +
D[\ULGLV VH[ FRXOG EH GHWHUPLQHG ZLWKRXW
GLVWXUELQJ RU UHPRYLQJ EHHWOHV IURP WKHLU QDWXUDO
HQYLURQPHQW )XUWKHUPRUH WKLV WHFKQLTXH FRXOG
SURYLGH IRU UDSLG DQG DFFXUDWH VFUHHQLQJ RI +
D[\ULGLV IRU ORQJWHUP PRQLWRULQJ RI
IHPDOHELDVHG VH[ UDWLRV SRWHQWLDOO\ UHVXOWLQJ IURP
LQIHFWLRQ ZLWK PDOHNLOOLQJ EDFWHULD 0DMHUXV HW DO
 1DNDPXUD HW DO  )RU LQVWDQFH LQ
VWXGLHV RQ WKH SRSXODWLRQ G\QDPLFV RI PRVW
VSHFLHV IHPDOHV DUH FRQVLGHUHG PRVW LPSRUWDQW
IRU SRSXODWLRQ JURZWK DQG DUH RIWHQ WKH RQO\ VH[
FRXQWHG LQ PRGHOLQJ H[HUFLVHV ,Q WKH ILHOG LW FDQ
EH GLIILFXOW WR GHWHUPLQH VH[ UDWLRV VR D VH[ UDWLR
RI  LV RIWHQ DVVXPHG *DOYDQ HW DO 
+RZHYHU WKH SUHVHQFH RI PDOH NLOOLQJ EDFWHULD
FRXOG DOWHU VH[ UDWLRV SRWHQWLDOO\ PDNLQJ WKHVH
DVVXPSWLRQV OHVV YDOLG 7KXV UDWKHU WKDQ
DVVXPLQJ D VH[ UDWLR WKH VH[ RI LQGLYLGXDOV
REVHUYHG LQ ILHOG DQG ODERUDWRU\ VWXGLHV VKRXOG EH
GHWHUPLQHGWRSURYLGHPRUHDFFXUDWHHVWLPDWHV
2XU VWXGLHV LQFOXGHG RQO\ WKH VXFFLQHD FRORU
PRUSK LH RUDQJH WR UHG HO\WUD ZLWK RU ZLWKRXW
EODFN VSRWV RI + D[\ULGLV VLQFH WKLV KDV EHHQ WKH
RQO\ FRORU PRUSK GRFXPHQWHG WKURXJKRXW 1RUWK
$PHULFD &KDSLQ DQG %URX  7HGGHUV DQG
6FKDHIHU  'UHLVWDGW HW DO  .LGG HW DO
 +HVOHU HW DO  :LVH HW DO  DQG
6RXWK $PHULFD 6DLQL  GH $OPHLGD DQG GD
6LOYD  H[FHSW LQ ZHVWHUQ 2UHJRQ ZKHUH
PHODQLF PRUSKV KDYH EHHQ FROOHFWHG DW ORZ UDWHV
 RI SRSXODWLRQ /D0DQD DQG 0LOOHU 
)XUWKHU ZRUN LV UHTXLUHG WR GHWHUPLQH
HIIHFWLYHQHVV RI WKHVH WUDLWV IRU SUHGLFWLQJ VH[ LQ
WKH PHODQLF FRORU PRUSKV RI + D[\ULGLV WKDW DUH
PRUH FRPPRQ LQ $VLD DQG (XURSH .RPDL 
0DMHUXVDQG5R\
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+DUPRQLD D[\ULGLV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RI +DUPRQLD D[\ULGLV &ROHRSWHUD &RFFLQHOOLGDH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D[\ULGLV $ UHYLHZ RI LWV ELRORJ\ XVHV LQ ELRORJLFDO FRQWURO
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.RFK 5/ %XUNQHVV (& :ROG %XUNQHVV 6- +XWFKLVRQ :'
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 *HQHWLFV RI ODG\EHHWOHV $GYDQFHV LQ *HQHWLFV

/D0DQD 0/ 0LOOHU -& 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+XUVW *'' 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
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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
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